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Chlamydomonas reinhardtiiPhenotypic and genotypic changes in Chlamydomonas reinhardtii BafJ5, a starchless mutant, with
respect to lipid metabolism was studied in different trophic states under nitrogen (N) sufﬁcient
and limited conditions. Interestingly, cellular lipid content increased linearly with input acetate
concentration with highest lipid content (42%) under nitrogen limitation and mixotrophic state.
RT-qPCR studies indicate that key fatty acid biosynthesis genes are down-regulated under N limita-
tion but not under mixotrophic state, whereas, ACS2, encoding Acetyl-CoA synthetase, and DGTT4,
encoding Diacylglycerol O-acyltransferase, are up-regulated under all conditions. These results col-
lectively indicate that acetate is the limiting factor and central molecule in lipid droplet synthesis.
The study also provides further evidence of the presence of a chloroplast pathway for triacylglycerol
synthesis in microalgae.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Algal biodiesel production faces host of challenges and foremost
among them is strain improvement [1,2]. For successful, geneti-
cally engineered strain improvement, lipid metabolism in algae
has to be studied in detail. Chlamydomonas reinhardtii has emerged
as a reference organism for studying algal physiology, metabolism
and genetics [3–5]. Starchless mutants of C. reinhardtii have been
shown to produce only lipids for energy storage but not starch be-
cause of the absence of a functional ADP–glucose pyrophosphory-
lase, which is a central enzyme in starch synthesis [6]. Thus,
starchless mutants may serve as an ideal reference organism to
study some unanswered questions in lipid biology of microalgae
[4].
Algae elicit different physiological responses under stress, espe-
cially micronutrient and macronutrient stress [7]. These responseshave been exploited by researchers to study algal physiology and
metabolism as well as for the synthesis of high-value compounds
commercially [8–10]. However, the metabolism and genes in-
volved in the increase of lipids in algae under stress conditions
have not been completely understood.
In this study, a combination of trophic states with N deplete
and replete conditions were used to generate phenotypic and
genotypic responseswith respect to lipid droplet (LD) accumulation
in C. reinhardtii. Phenotypic studies were conducted to elucidate the
level of lipid accumulation and algal growth under the above said
conditions. Moreover, gene expression studies were performed to
understand the response of essential genes involved in de novo fatty
acid (FA) biosynthesis and triacylglycerol (TAG) production under
the same conditions. BCX1 andMCT1 are genes encoding b-subunit
of Acteyl-CoA carboxylase and Malonyl-CoA:ACP transacylase,
respectively, involved in FA biosynthesis in both plants and animals
[11–14]. BCX1 gene shares high similarity with ACCD gene from
Arabidopsis thaliana encoding for the same enzyme and very essen-
tial for the active functioning of thewhole enzyme [13,15]. ACS2 and
DGTT4, encoding Acetyl-CoA synthetase and Diacylglycerol O-acyl-
transferase DAGAT type 2, respectively, are involved in TAG produc-
tion, the former when acetate is used as carbon source [16,17].
DGTT4 gene is highly conserved in diatoms and green algae and it
is a green lineage protein of chloroplast origin [3,18]. Acetyl-CoA
synthetaseplays a key role in acetate assimilationandplausible lipid
production in Escherichia coli [19]. Based on predicted target pepide
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present in the chloroplast and are of evolutionary importance
[3,16,18,20,21].
2. Materials and methods
2.1. Cultures and conditions
Starchless mutant of C. reinhardtii BafJ5 was kindly provided by
Dr. Ursula Goodenough and Dr. Youngsook Lee. C. reinhardtii BafJ5
was veriﬁed for starch phenotype using iodine test as previosuly
described [22] with C. reinhardtii UTEX 2244 as the control organ-
ism. The strains were grown in Tris-minimal medium (T-MM),
with Tris–HCl added instead of Tris–acetate which is the typical
constituent of TAP medium, in 200 ml conical ﬂasks at
50 lmol m2 s1 photosynthetically active radiation (PAR) at
25 C (phototrophic state) [23]. For mixotrophic growth, sodium
acetate was added to T-MM medium followed by pH adjustment.
Optimum concentration of sodium acetate was standardized using
different initial concentrations. The initial pH of all samples were
maintained at 7.0. For N limitation studies, the cultures were trea-
ted as described previously [7].
2.2. Biomass determination
The growth of algal strains used in this study was determined
gravimetrically as well as by Chl measurements. Chl a concentra-
tion was determined spectrophotometrically after extraction with
hot methanol and using extinction coefﬁcient calculations as men-
tioned in earlier studies [24,25]. Dry cell weight was determined
by passing 2 ml of algal culture on 4.7 cm Whatman GF/B ﬁlter pa-
per which was pre-washed with 1 M ammonium formate solution
to remove excess salts, pre-dried at 105 C and weighed. The ﬁlter
papers were dried and weighed again and the difference in weight
was recorded.
2.3. Lipid extraction
The total lipids were extracted using chloroform–methanol sol-
vent extraction as described by Bligh and Dyer [26] with modiﬁca-
tions. Brieﬂy, algal culture was centrifuged at 6000g at room
temperature, washed with 4 ml of distilled water, followed by
addition of 15 ml of 1:2 ratio of chloroform–methanol, sonicated
for 1 min at a resonance of 10 kHz and shaken gently overnight.
Further 5 ml each of chloroform and water was added to make
the ﬁnal ratio to 10:10:9 of chloroform, methanol and water,
respectively. The mixture was thoroughly vortexed and centri-
fuged at 1000g for 5 min and the bottom phase containing lipids
solubilized in chloroform was separated, ﬁltered using 0.2 lm ny-
lon ﬁlter and transferred onto pre-weighed dried glass holders. A
second extraction was performed with addition of 10 ml of chloro-
form to the resultant cell debris and methanol upper phase and
transferred as mentioned above. The glass holders were then ﬁtted
to a rotary evaporator to drive-off chloroform and any residual
water. The glass-holders with lipids were then dried at 105 C
and weighed. Lipid content is expressed as a percentage of dry cell
weight (DCW) determined as mentioned above.
2.4. FAME proﬁling
The FAME proﬁles of the samples were determined using gas
chromatograph (GC, Shimadzu GC-2010, Japan) ﬁtted with ﬂame
ionization detector. Samples were prepared as mentioned in an
earlier study with slight modiﬁcations [27]. The samples were sub-
jected to extraction and base washing after methylation. The FAswere identiﬁed after comparing the retention times with those of
standards.
2.5. Acetate analysis
The ﬁltered supernatant obtained after centrifugation of algal
cultures was stored at 4 C for acetate analysis. Acetate was analyzed
using high performance liquid chromatograph (HPLC, Shimadzu LC-
10ATVP, Japan)withAMINEXHPX87-Horganic acid analysis column
(Bio-Rad, USA). Themobile phasewas 0.008 N Sulfuric acid purged at
aﬂowrateof0.60 ml/minwithoven temperaturemaintainedat35 C
and detected at 210 nm with a UV detector.
2.6. Nile red staining and laser scanning confocal microscopy
The cultureswere isolated during late-logarithmic phase and 1 ml
of the culturewas stainedwith 0.1 lg/mlNile red stain (ﬁnal concen-
tration). The samples were kept in dark for 5 min and followed by
confocal imaging using Zeiss LSM510 meta laser scanning confocal
microscope (Carl Zeiss AG, Germany). The Nile red signal was
recorded at a laser excitation line of 433 nm and emission was cap-
tured between 530 and 600 nm. Chlorophyll auto-ﬂuorescence was
recorded at 633 nm and emission was captured between 633 and
708 nm. The images were processed using Zeiss LSM510 software.
2.7. RNA isolation and cDNA synthesis
The cultures grown under phototrophic and mixotrophic states
were harvested during late-logarithmic phase for RNA isolation.
The N limited cells were harvested 48 h after re-inoculation. RNA
was isolated using easy-spin total RNA extraction kit (Intron
Biotechnology Inc., South Korea) following manufacturer’s instruc-
tions, except for lysis of cells with bead beating at 3800 rpm for
30 s using 0.5 and 0.1 mm glass beads. This additional step signif-
icantly increased RNA yield while not compromising on RNA
quality [28]. About 500 ng of RNA was used as template for cDNA
synthesis. cDNA synthesis was performed using GoScript reverse
transcription system (Promega, USA) with oligo(dT) primers.
2.8. RT-qPCR
cDNA synthesized as above was diluted ﬁve times and used as
the template for quantitative PCR. Quantitative PCR was performed
in 20 ll reactions using iQ SYBR Green Supermix (Bio-Rad Labora-
tories, USA) with 10 ll of manufacturer’s Supermix, 7 ll of DEPC-
treated water, 1 ll of 100 nM of each primer and 1 ll of diluted
cDNA corresponding to about 100 ng of input total RNA. The prim-
ers were tested for efﬁciency using both PCR and qPCR and the
products were sequenced to check for non-speciﬁc ampliﬁcation
(Table 1). qPCR was performed using Peltier Thermal Cycler with
Chromo4 detector (Bio-Rad Technologies, USA) in following reac-
tion conditions: 95 C for 15 min, followed by 40 cycles of 95 C
for 20 s, 66 C for 30 s, and 72 C for 20 s, and ﬁnally an extension
of 1 min. Melting curve analysis was performed after PCR cycling to
assess the presence of single ﬁnal product. CBLP gene was used to
normalize mRNA abundance, as the mRNA abundance of this gene
remains the same under all conditions used in the study [29]. The
2DDCT was used to calculate fold change in the expression of genes
under all the above-speciﬁed conditions.
3. Results
3.1. Growth characteristics
The iodine test conﬁrmed the inability of mutant, C. reinhardtii
BafJ5, to produce starch as revealed by the yellow color colony.
Fig. 1. Lipid content of C. reinhardtii BafJ5 under different initial concentrations of
sodium acetate.
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reinhardtii UTEX 2244 as a result of amylose–iodine complex (Sup-
plementary Fig. 1). It is interesting to note that starchless mutant
had higher growth rate and lower doubling time when compared
to wild-type in mixotrophic state, whereas in phototrophic state,
the wild-type had higher growth rate and lower doubling time
(Table 2).
3.2. Lipid content and FAME proﬁle
Acetate concentration in mixotrophic cultures was standard-
ized prior to actual experimental run by evaluating growth and li-
pid content. The results revealed that lipid content increased
linearly with increasing sodium acetate concentration until
50 mM and thereafter remained constant (Fig. 1). Hence sodium
acetate concentration was maintained at 50 mM for further exper-
iments. Cultures grown under mixotrophic state had lipid content
(% DCW) of 31.27% as compared to 5.36% obtained from cultures
grown under phototrophic state (Fig. 2). This huge dissimilarity be-
tween growth conditions, about 6-fold increase in lipid content,
shall only be attributed to the presence of acetate in mixotrophic
state. Under N limitation, there was considerable increase in lipid
content especially in phototrophic state corresponding to 23.7%,
an increase of 5-fold, and 41.67% in mixotrophic state, after
48 h of depletion (Fig. 2). Although there was signiﬁcant difference
in the lipid content in cultures grown under phototrophic and
mixotrophic states, the FAME proﬁle of samples did not change
extensively. On the contrary, there was a major shift in FAME pro-
ﬁle of cultures grown under N limited and sufﬁcient conditions.
The N limited samples revealed higher percentages of Oleate
(C18:1) and Linoleate (C18:2), while there was substantial reduc-
tion in Linolenate (C18:3) and complete absence of Hexadecadie-
noate acid (C16:2) and Hexadecatrienoic acid (C16:3) (Fig. 3).
The starchless mutant has an enriching mix of saturated and
monounsaturated FAs.
3.3. Acetate analysis
Acetate as sodium acetate was provided to the cultures and its
concentration was monitored using HPLC. In phototrophic culture,Table 1
Information on the primers used for RT-qPCR, respective genes and their identity, encode
Genes Gene identity Encoded Enzyme Primer
ACS2 Cre23.g768500 Acetyl-CoA synthetase ACS2 57
ACS2 18
BCX1 Cre12.g484000 Acetyl-CoA carboxylase (b-subunit) BCX1 1
BCX1 3
MCT1 Cre14.g621650 Malonyl-CoA:ACP transacylase MCT1 5
MCT1 2
DGTT4 Cre03.g205050 Diacylglycerol O-acyltransferase,
DGAT type 2
DGTT4
DGTT4
CBLP (control
gene)
Cre13.g599400 Guanine nucleotide binding like
protein (b-subunit)
CBLP 81
CBLP 97
Table 2
Growth rate and doubling time of strains used in this study.
Strain Genotype Nu
C. reinhardtii UTEX 2244 (CC125) [30] mt + nit1 nit2 T-
C. reinhardtii UTEX 2244 (CC125) T-
C. reinhardtii BafJ5 mt + nit1 nit2 cw15 arg7–7 sta6–1::ARG7 T-
C. reinhardtii BafJ5 T-no acetate was detected as T-MM does not include glacial acetic
acid [23]. On the other hand, acetate concentration in mixotrophic
cultures was 50 mM which drastically reduced to a minimum le-
vel within 3 days of growth indicating that acetate was the pre-
ferred carbon source, if present in the media. In N limitation
condition, acetate was consumed within 24 h of inoculation
(Fig. 4).
3.4. Visualizing algal LDs
The confocal imaging of LDs correlated with the lipid content
experiments. There was high increase in LDs in mixotrophic condi-
tion in both nutrient deplete and replete condition (Fig. 5). In fact,
N limitation seems to enhance the number of LDs only under
phototrophic state but under mixotrophic state, average number
of LDs per cell seems to slightly decrease in N limitation (7.38
LDs/cell, n = 13) as compared to N sufﬁcient condition (9.64 LDs/
cell, n = 11). However, the average size of the LDs increases in N
limitation (1.22 lm/LD, n = 96) as compared to N sufﬁcient condi-
tion (1.12 lm/LD, n = 106). Hence, an unscrutinizing observation of
confocal images would seem to suggest that the amount of LDs tod enzymes and amplicon size.
Sequence Amplicon length
(bp)
Primer efﬁciency
(%)
F GTCGCGCTCGTTAGAGGCCG
1R CGCTGCTGCTGTTGAGGGCT
125 90.18
59F AGCCGCGCCAATTACCACCC
35R CCGGCAAGCCCACACGTACC
177 98.51
1F GACGAGGCGCCGAAAAACGC
32R CTTCAGGGCGACACGCTGGG
182 95.27
9F CTGAACGCGCCATCTGCTGGA
175R AAGCAAGCATGGATTGCGCTACG
167 99.47
4F GACGACCTGCGCCCCGAGTT
9R AGGCGCGGCTGGGCATTTAC
166 103.86
trient and carbon source Speciﬁc growth rate (day1) Doubling time (h)
MM + 50 mM sodium acetate 0.1733 4.00
MM + atmospheric CO2 0.0558 12.43
MM + 50 mM sodium acetate 0.2361 2.94
MM + atmospheric CO2 0.0456 15.21
Fig. 2. Lipid content in C. reinhardtii BafJ5 grown in mixotrophic and phototrophic
state under N sufﬁcient [N(+)] and N limited [N()] condition. Data presented is a
mean value of three replicates. Error bars indicate ± S.D.
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(Fig. 5).
3.5. Differential expression of key genes in LD formation
We analyzed the expression patterns of important genes which
play a major role in de novo FA biosynthesis and TAG production.
TAG molecules are integrated as neutral lipids which form the core
of LDs. The genes, encoded enzymes, primers for ampliﬁcation and
primer efﬁciencies have been presented in Table 1. Mixotrophic
state seems to encourage cells to produce lipids as all the genes
are up-regulated – DGTT4 and ACS2 are highly up-regulated under
mixotrophic condition – as compared to phototrophic state. This
result taken together with lipid content (Fig. 2), acetate utilization
(Fig. 4) and confocal imaging (Fig. 5) explain the importance of ace-
tate as the precursor molecule for LD production. ACS2 gene is up-
regulated under all conditions compared to phototrophic state
(Fig. 6). Hence, the formation of Acetyl-CoA seems to be an impor-
tant prerequisite for LD production. Although BCX1 and MCT1, two
critical genes in the execution of FA biosynthesis, were slightly up-Fig. 3. FAME proﬁle of C. reinhardtii BafJregulated in mixotrophic state, these genes were simultaneously
down-regulated under N limitation. These results suggest that FA
biosynthesis is not a limiting factor for LD production. Conversely,
Acetyl-CoA synthesis, which later forms the carbon backbone of
LDs via integration into FFA to form long-chain acyl-CoA, seems
to be the limiting factor. This is also supported by expression pat-
tern of DGTT4 gene which is up-regulated in mixotrophic state but
down-regulated in phototrophic state even under N limitation
(Fig. 6).
4. Discussion
Although recent transcriptomic and modeling studies to deter-
mine the lipid metabolism in C. reinhardtii have thrown light on
diversion of lipid metabolism and carbon compartmentalization
[31,32], there is no clear indication on the determining factor be-
hind LD production in C. reinhardtii under N sufﬁcient or limited
condition. This study used a different approach, combining trophic
states with N limitation and the results obtained clearly demon-
strate that acetate is the major limiting factor behind TAG and sub-
sequent LD synthesis. Mixotrophic state not only enhances growth
but also lipid content and carbon atom in acetate might have been
partitioned partially for photosynthesis, as evident from growth
and Chl a results, and TAG production (Table 2 and Fig. 2). Although
mixotrophic state elicits similar LD synthesis under N sufﬁcient
and limited condition, the FAME proﬁle under N limitation changes
markedly compared to N sufﬁcient condition corroborating well
with a previous study (Fig. 3) [33]. Since the FAME proﬁle and lipid
content showed drastic changes during N limitation and in the
presence of acetate respectively, an attempt was made to under-
stand the expression of key FA biosynthesis genes and TAG produc-
tion gene widely regarded as essential genes in the formation of
neutral lipids [17].
Acetyl-CoA carboxylase, the key enzyme in de novo FA biosyn-
thesis, catalyzing the ﬁrst committing step of FA biosynthesis is
widely reported to be present in plants, algae and animals
[12,13,15]. BCX1 gene which encodes the b-subunit of Acetyl-CoA
carboxylase enzyme has high similarity with ACCD gene in A. tha-
liana and plays an important role in functioning of the enzyme
[15]. Both BCX1 gene as well as the next gene in de novo FA biosyn-
thesis, MCT1, which encodes S-malonyltransferase, catalyzing
the formation of Malonyl-ACP, which then forms a part of the5 grown under different conditions.
Fig. 4. Acetate concentration in C. reinhardtii BafJ5 grown culture medium analyzed using HPLC during N sufﬁcient and N limited conditions. Data presented is a mean value
of three replicates. Error bars indicate ± S.D.
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N limitation, strongly indicating that de novo FA synthesis might
not be the limiting factor in LD synthesis [16,31,32]. MCT1 gene
is a green lineage gene [3] and together with BCX1 is a critical part
of de novo FA biosynthesis in plants and/or green algae.
Interestingly, FAME proﬁles of the N limited samples are also
signiﬁcantly different compared to N sufﬁcient samples. This sug-
gests that at least part of FFAs may have been derived from other
pathways such as membrane lipid breakdown pathway [31,32]
and hence available for LD synthesis, even after down-regulation
of de novo FA biosynthesis genes. Moreover, previously synthe-
sized FFAs in the cells might also be utilized for TAG production
as growth is arrested under N limitation. These results demon-
strate that FA biosynthesis, or in other words, free fatty acids, are
not the limiting factors behind LD synthesis as FFAs are made
available even after a drastic down-regulation of the genetic appa-
ratus [31,32].
On the other hand, marked phenotypic changes do correlate
well with the up-regulation of all genes studied under mixotrophic
state. In fact, ACS2 gene is up-regulated under all conditions. The
up-regulation of ACS2 also strongly correlates with lipid content,
external acetate concentration and its utilization and these results
collectively suggest that acetate in the cell is redirected for the syn-
thesis of LDs. This is in conformation with the previous studies,
which suggested a possible diversion of acetate for LDs production
[16,34]. The experimental studies on E. coli with acetate as the car-
bon source, also suggested a possible formation of LDs via acetate
[19]. However, in contrast to the previous study [34], acetate might
not be utilized in de novo FA biosynthesis, as the results of this
study and previous studies indicate that the genetic apparatus of
de novo FA biosynthesis is drastically down-regulated [31,32].
Conversely, we propose that acetate as Acetyl-CoA is incorporated
into FAs to form long-chain acyl-CoA (Fig. 7). This hypothesis is
also strongly supported by the expression pattern of DGTT4 gene
which is highly up-regulated in mixotrophic state but not under
phototrophic state even under N limitation. This is in agreement
with previous study, which observed a slight increase in DGTT4
activity in phototrophic state, but only after 6 days of N limitation[35]. In transcriptomic studies, the mRNA abundance of DGTT4was
found to be low under all conditions [32]. DGTT4 gene encodes the
chloroplast isoform of Diacylglycerol O-acyltransferase that cata-
lyzes the ﬁnal and the only committing step of TAG production
in most organisms [36,8].
Furthermore, we propose that acetate, converted into Acetyl-
CoA catalyzed by Acetyl-CoA synthetase in the chloroplast, is
incorporated into long-chain acyl CoA along with FFA (Fig. 7).
Long-chain acyl-CoA is the molecule which attaches to the glycerol
backbone and is required at each step of the Kennedy pathway for
TAG synthesis. All these results taken together strongly demon-
strate that acetate as Acetyl-CoA forms the carbon precursor of
TAG in LDs.
It is noteworthy that all gene-encoded enzymes studied here
are predicted to be in the chloroplast by target peptides [20,21].
In fact, two genes (MCT1 & DGTT4) are green lineage proteins and
BCX1 gene shares close similarity with A. thaliana ACCD gene.
Hence the FAs generated in the chloroplast might have been con-
verted into TAG via chloroplast pathway rather than in ER although
other enzymes of this chloroplast pathway are still unknown [37].
Therefore a separate chloroplast pathway for TAG production can-
not be ruled out and a scheme for this pathway has been presented
(Fig. 7). This further strengthens the evidence of the presence of
chloroplast pathway for TAG production [20,37] and also supports
the studies on active role of chloroplast genes in the functioning of
C. reinhardtii [3,18]. TAG for LDs present in the chloroplast is pro-
duced by chloroplast speciﬁc enzymes whereas the TAG for LDs
present in cytosol might be either transported from chloroplast
or generated through ER-speciﬁc acyltransferases [20,37,38].
The study is signiﬁcant as many genetic engineering studies
on algae, yeast and higher plants have focused on FA biosynthe-
sis genes and Diacylglycerol acyltransferase genes [8,39] with
little effect. Moreover, genes responsible for building the carbon
backbone of LDs have been neglected. Hence, further studies on
these genes would not only throw light on algal lipid metabolism
and compartmentalization of LDs in different organelles, but
also help in unearthing a stable, high lipid yielding genetically
modiﬁed algae.
Fig. 5. Differential Interference Contrast (DIC) and Confocal imaging of C. reinhardtii BafJ5 cells grown in phototrophic andmixotrophic states as well as under N sufﬁcient and
limited conditions. Yellow ﬂuorescence of LDs against a red background indicating chlorophyll auto-ﬂuorescence. Scale bars represent 10 lm.
Fig. 6. Expression fold of key FA biosynthesis and TAG production genes under different conditions as determined by RT-qPCR. Gene symbols as denoted in Table 1. Data
presented is a mean fold change in gene expression of three replicate samples. Error bars indicate ± S.D.
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Fig. 7. A proposed chloroplast pathway for LD synthesis in C. reinhardtii grown in the presence of acetate and CO2. The conversion of FFA, produced via Calvin cycle and de
novo FA biosynthesis, to long-chain acyl CoA and later into TAG in the chloroplast depends on Acetyl-CoA production from acetate. Acetate is seen as a driving force behind
carbon accumulation in LD. Red Arrows indicates up-regulation whereas blue arrows indicate down-regulation. Red boxes indicate that the putative presence of these
enzymes. PDH, pyruvate dehydrogenase complex, CoA, coenzyme A; ACCase, Acetyl-CoA carboxylase; MAT, malonyl-CoA:ACP transacylase, ACP, acyl carrier protein; KAS, 3-
ketoacyl-ACP synthase; KAR, 3-ketoacyl-ACP reductase; HD, 3-hydroxyacyl-ACP dehydratase; ENR, enoyl-ACP reductase; FAT, fatty acyl-ACP thioesterase; ACS, Acetyl-CoA
synthetase; DHAP, dihydroxyacetone phosphate; G3PDH, glycerol-3-phosphate dehydrogenase; GPAT, glycerol-3-phosphate acyltransferase; LPAAT, lyso-phosphatidic acid
acyltransferase; LPAT, lyso-phosphatidylcholine acyltransferase; DGAT, Diacylglycerol acyltransferase.
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